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ABSTRACT 

The program ob jec t ive  i s  t o  i n v e s t i g a t e  t h e  deformation processes  
A combination of involved i n  t h e  forg tng  of r e f r ac to ry  ceramic oxides .  

mechanical t e s t i n g  and forg ings  l s  being  u t i l i z e d  t o  i n v e s t i g a t e  both  t h e  
flow and f r a c t u r e  processes  involved. 

I n i t i a l  fo rg ing  experiments were conducted dur ing  t h i s  q u a r t e r .  
The m i c r o s t r u c t u r a l  exaniination of t h e s e  and comparison wi th  f l e x u r a l  
specimens t e s t e d  a t  145OoC i nd ica t e s  deformation proceeds by g ra in  boundary 
s l l d i n g  and t h a t  s l i p  i s  important i n  t h e  g ra in  shape change necessary f o r  
conformity.  A s t r o n g  c rys t a l log raph ic  t e x t u r e  was found i n  a f ine-gra ined  
specimen forged a t  145OOC. 

I n v e s t i g a t i o n  of t h e  f r a c t u r e  s t r e s s  of f ine-gra ined  alumina revealed 
a s t r o n g  dependence of t h e  f r a c t u r e  s t r e s s  on s t r a i n  r a t e  i n  t h e  s t r a i n  r a t e  
range where t h e r e  i s  l i t t l e  deformation preceding f r a c t u r e .  
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I. IIITRODUCTI ON 

The ob jec t ive  of t h i s  progran! I s  t o  i n v e s t i g a t e  t h e  f o r g a b i l i t y  of 
t h e  r e f r a c t o r y  oxides .  The approach taken  inc ludes  an i n v e s t i g a t i o n  of t h e  
high temperature  y i e l d i n g  and f r a c t u r e  behavior of t h e s e  ma te r i a l s  i n  order  
t o  provide information and understanding which can then  be appl ied  d i r e c t l y  
t o  fo rg ing  problems, 
s t u d i e s .  
t e s t i n g  r e s u l t s .  

The primary emphasis has been on mecha.nica1 p r o p e r t i e s  
A few forg ings  are being done t o  supplement t h e  mechanical 

The f i rs t  progress  r epor t ,  included reviews of t h e  work and under- 
s tanding  t o  d a t e  of t h e  high temperature mechanical behavior of t h e  oxides 
as w e l l  as hot  working e f f o r t s  w i t h  t h e s e  m a t e r i a l s . 1  
s tudy ,  two systems verP t d e n t i f i e d  f o r  primary i n v e s t i g a t i o n .  These were 
f ine-gra ined  alumina, doped t o  i n h i b i t  g a i n  growth, and magnesia, which 
w i l l  probably r equ i r e  temperatures i n  excess of  210OoC i n  order  t o  ob ta in  
s u f f i c i e n t  t e n s i l e  d u c t i l i t y .  Spinel  (M@1204) was t e n t a t i v e l y  s e l e c t e d  
for l a t e r  i n v e s t i g a t i o n .  

On t h e  b a s i s  of t h i s  

The pre l iminary  r e s u l t s  of a s e r i e s  of mechanical t e s t s  on alumina 
done by  reve.l.:-'cr';?, mu l t ip l e  loadings i n  f l e x u r e  were reported i n  t h e  l a s t  

L?ie e1iec-i;~ of mul t ip l e  s t e p  deformation, in te rmedia te  anneal ing and reversed 
loading  on t h e  mechanica.1 behavior.  These var ious  e f f e c t s  a r e  p a r t i c u l a r l y  
r e l e v a n t  t o  forg ing  and a l s o  provide i n s i g h t  i n t o  fundamental mechanical 
processes  and mechanisms. The i n v e s t i g a t i o n  has included ex tens ive  micro- 
s t ruc-Lural  as w e l l  as mechanical observat ions.  The r e s u l t s  have been i n t e r -  
p re ted  i n  terms of a combination of g ra in  boundary s l i d i n g  and s l i p .  

twn r P r n r t . n .  1 3 2  ~ ! i i ~ ~ + i F - i e  ~ ~ ~ ~ - i ~ ;  5- ~ ~ ~ : ~ ~ y ~  2cnz ir, Gi-zci- t; fi1-;c;tj.,at<. 

During t h e  present  r e p o r t i n g  per iod ,  t h e  f l e x u r e  t e s t i n g  h a s  been 
continued and inc ludes  some inves t iga t ion  of f r a c t u r e  as wel l  as deformation. 
In  add i t ion ,  s e v e r a l  forg ings  of alumina have been done i n  order  t o  broaden 
t h e  mechanical behavior s t u d i e s  and t o  i n d i c a t e  some of t he  engineer ing 
problems a s soc ia t ed  wi th  forg ing .  Two upset  forg ings  and one deep drawing 
of a hemisphere were done with alumina. Ivlicrostructural  examination of 
t h e s e  fo rg ings  has provided f u r t h e r  i n s i g h t  i n t o  both  f r a c t u r e  and flow 
mechanisms; t hey  have genera l ly  supported t h e  r e s u l t s  of t h e  f l e x u r e  tests.  

11. MECHANICAL TEST RESULTS 

During t h i s  r epor t ing  per iod  t h e  t e s t i n g  has been completed f o r  t h e  
The f i n a l  mu l t ip l e  bending s e r i e s  which was described i n  t h e  l a s t  r e p o r t a 2  

a n a l y s i s  of  t h e  da t a  t o  co r rec t  f o r  curva ture  and o the r  e f f e c t s  a s soc ia t ed  
wi th  t h e  bend t e s t  have not  y e t  been completed. I n  a d d i t i o n ,  t e s t i n g  has 
been i n i t i a t e d  on a series of t e s t s  designed t o  c l a r i f y  t h e  dependence of 
s t r a i n  r a t e  and s t r e s s  on gra in  s i z e .  F i n a l l y ,  a group of t e s t s  t o  i n d i c a t e  
t h e  e f f e c t  of s t r a i n  r a t e  on f r a c t u r e  s t r e s s  i s  i n  progress .  
are be ing  done with alumina with add i t ives  t o  i n h i b i t  g ra in  growth. 

A l l  of t h e s e  

Tes t ing  i s  done i n  four-point  f l e x u r e  i n  an argon atmosphere furnace .  
The load i s  recorded continuously versus t i m e .  Def lec t ion  i s  measured with 
a probe system monitored with an LVDT which i s  a l s o  continuously recorded 



-2 - 

versus  t i m e  i n  order  t o  be a b l e  t o  determine s t r e s s ,  s t r a i n  and s t r a i n  
rate cont inuously throughout t h e  t e s t .  

A s e r i e s  of tes ts  t o  provide i n s i g h t  i n t o  t h e  f r a c t u r e  mechanisms i n  
alumina a r e  be ing  conducted. A s e r i e s  of constant  s t ra j -n  ra te  t e s t s  a t  
1450 C have been run over a range of s t r a i n  r a t e s ;  t h e  range i s  s u f f i c i e n t l y  
broad t h a t  e s s e n t i a l l y  b r i t t l e  f r a c t u r e  r e s u l t s  a t  t h e  high end and f u l l y  
p l a s t i c  behavior i s  obtained a t  the  l o w  end. Although t e s t i n g  i s  not y e t  
complete, t h e  r e s u l t s  t o  d a t e  a r e  presented i n  Figure 1. These specimens 
were a l l  taken  from a s i n g l e  b i l l e t ,  C79, of ~ 1 2 0 3  + 0.1% MgO hot  pressed 
t o  over 99.5$ dens i ty .  The po in t s  marked f r a c t u r e  s t r e s s  a r e  f o r  specimens 
which f a i l e d  wi th  almost no p l a s t i c  s t r a i n  s ince  t h e  s t eady- s t a t e  flow s t r e s s e s  
would have been considerably i n  excess of t h e  f r a c t u r e  s t r e s s .  The poin ts  
marked y i e l d  stress a r e  f o r  specimens which d i d  not  f a i l  when bending 17as 
terminated a f t e r  4% s t r a l n  s i n c e  the  flow s t r e s s  was below t h e  f r a c t u r e  
stress. These have subsequently been rebent  s e v e r a l  t imes without f a i l u r e .  
These da t a  i n d i c a t e  t h a t  t h e r e  i s  a s t r o n g  dependence of f r a c t u r e  s t r e s s  
on s t r a i n  r a t e  even i n  t h e  range where t h e  t o t a l  s t r a i n  t o  f a i l u r e  i s  smal l .  

0 

F i n a l  i n t e r p r e t a t i o n  of these  r e s u l t s  i s  not warrznted u n t i l  a l l  of 
t h e  t es t s  a r e  com>leted and m i c r o s t . r i i c t . i i r n 1  e u u m i n n t i n n  !q 6 5 2 ~  i!: 
uu66L+~‘c-u u i l a b  U L  UC i i i& bLr.airi raie iiie I r a c t u r e  occurs i n  an e s s e n t i a l l y  
b r i t t l e  manner s i m i l a r  t o  t h a t  which occurs  a t  lower temperatures .  
s t r a i n  r a t e  i s  lowered, t h e  flow stress i s  reduced so t h a t  small amounts 
of s t r a i n  can occur which r e s u l t  i n  a reduct ion  of t h e  f r a c t u r e  s t r e s s .  
Relaxat ion of gra in  boundaries r e s u l t i n g  i n  increased  s t r e s s  concentrat ions 
i s  thought t o  be one poss ib l e  explanat ion f o r  t h i s .  The p o s s i b i l i t y  of 
l i m i t e d  s l i p  providing a method of crack nuc lea t ion  i s  a l s o  be ing  considered. 
Addi t iona l  t e s t s  a r e  i n  progress  t o  complete t h e  curve i n  Figure 1, and 
m i c r o s t r u c t u r a l  and f r ac tog raph ic  examination w i l l  be conducted. The f i n a l  
a n a l y s i s  w i l l  a t tempt  t o  d i f f e r e n t i a t e  between t h e  e f f e c t s  of s t r a i n  r a t e  
p e r  se and t h e  amount of s t r a i n  a t  f a i l u r e  which i s  inf luenced by t h e  s t r a i n  
r a t e .  

r.,.-”A,.+cd L L - L  - L  - I - -  

A s  t h e  

111. FORGING 

Three forgings of f ine-grained alumina were done. Two of them were 
simple upse t  forgings which were designed p r imar i ly  t o  provide an  assessment 
of m i c r o s t r u c t u r a l  e f f e c t s  t o  complement t h e  mechanical t e s t s .  The t h i r d  
was an  e f f o r t  t o  deep draw a 2-inch diameter hemisphere from a 3-inch blank.  
A l l  of t h e s e  forg ings  a l s o  provided va luable  assessment of some of t h e  
engineer ing  problems a s soc ia t ed  with fo rg ing  which w i l l  be u s e f u l  i n  a t tempts  
t o  forge  more complicated shapes.  All t h r e e  forg ings  were done on doped 
A120 of 1 t o  2 p  g ra in  s i z e  which had been hot pressed t o  g r e a t e r  than  
99.53 dens i ty .  

The two upset  forg ings  were done i n  a modified ho t  p re s s ing  apparatus  
arranged so  t h e r e  w a s  no s i d e  cons t r a in t  on t h e  p i eces .  The press i s  
h y d r a u l i c a l l y  dr iven  s o  t h a t  prec ise  speed con t ro l  i s  not  poss ib l e .  
t h e  d e f l e c t i o n  i s  monitored by a d i a l  gage, and lQad  was con t inua l ly  
ad jus t ed  t o  provide a nominal s t r a i n  rate of 4 x 10-5 s e c - l  for both t e s t s .  
They were both  done a t  1450OC. 

However, 

These condi t ions  are s imilar  t o  those  i n  
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i n  which t h e  bend t e s t i n g  has ind ica ted  h ighly  r a t e - s e n s i t i v e  deformation 
r e s u l t i n g  from gra in  boundary s l i d i n g  wi th  an apparent con t r ibu t ion  from 
s l i p .  
no t  expected. 

This  temperature i s  a l s o  low enough t h a t  r ap id  g ra in  growLh i s  

One of t h e  p i eces  was forged t o  16% height  reduct ton  and had a 
nominal L/D r a t i o  of 0.72 a t  t h e  end. 
5,500 p s i  by  t h e  end of t h e  s t r o k e .  This  p iece  had no vis ible  damage 
after fo rg ing .  
requi red  a p res su re  of about 10,700 p s i  by t h e  end; i t  had a f i n a l  L/D 
r a t i o  of 0.63. 
d i r e c t  evidence of hardening because of a d- i f ference i n  gra in  s i z e  of t h e  
two p ieces  and because of d i f fe rences  i n  d i e  f ac ing  materials r e s u l t i n g  
i n  g r e a t e r  f r i c t i o n a l  e f f e c t s  i n  the  38$ forg ing .  

This requi red  a p re s su re  of about 

The second piece was forged t o  a reduct ion  of 3% and 

The pressure  di€ference between t h e  t w o  cannot be taken a s  

The 38$ forg ing  x i s  somewhat asymmetric because of corner  hang-up 
on one s i d e .  I n  add i t ion ,  c lose  examination of t h e  su r face  revealed 
s e v e r a l  s m a l l  cracks on t h e  s i d e s ,  examples of  which a r e  shown i n  Figure 2. 
These cracks a r e  a s soc ia t ed  with small  reg ions  conta in ing  s e v e r a l  l a r g e  
g r a i n s .  The l a r g e  gra ins  were extruded out  From t h e  su r face  as can be seen 
i n  t h e  photographs. It i s  r a t h e r  encouraging t h a t  t h e  cracks d i d  not  
p r o r a p t @  f n r  f r n m  thP i i e f e n t  z r e ~ c .  

An i n i t i a l  a t tempt  t o  deep draw a 2-inch diameter hemisphere from a 
3-inch d i s c  was made. This  was done a t  l 5 O O 0 C  with a t a r g e t  nominal s t r a i n  
r a t e  of 4 x 10-5 s e c - l .  
p r e s s .  The load w a s  increased i n  an at tempt  t o  maintain t h e  des i r ed  t r a v e l  
r a t e .  
r a t e  and load were ind ica t ed  which w i l l  r e ce ive  a t t e n t i o n  be fo re  t h e  next  
a t tempt .  The p iece  w a s  broken i n  seve ra l  p ieces ;  p re l iminary  a n a l y s i s  
suggests  t h a t  t h e  cause w a s  probably excess ive ly  high s t r e s s e s  r e s u l t i n g  
from f a i l u r e  t o  obta in  proper t r a v e l  and load con t ro l .  

This was a l s o  done i n  a modified hydraul ic  hot  

Severa l  problems i n  maintaining t h e  necessary c o n t r o l  of t h e  travel 

I V .  MICROSTRUCTIRkL EVALUATION 

The two upset  forg ings  have received r a t h e r  ex tens ive  mic ros t ruc tu ra l  
eva lua t ion  i n  order  t o  f u r t h e r  assesr  t h e  flow and f r a c t u r e  mechanisms and 
t o  c o r r e l a t e  t hese  r e s u l t s  with those from t h e  mechanical t e s t i n g .  
add i t ion ,  examination of t h e  f l e x u r a l  specimens has continued wi th  a t t e n t i o n  
t o  bo th  flow and f r a c t u r e  mechanisms. 

I n  

Examination of t h e  forged pieces  revea led  f e a t u r e s  s i m i l a r  t o  those  
p rev ious ly  reported2 i n  t h e  f l exure  specimens. 
revea led  similar evidence of gra in  boundary s l i d i n g .  An example i s  shown 
i n  F igure  3 of a chemically polished and etched c ross - sec t ion .  
o f f s e t  or d i s t o r t e d  t r i p l e  junct ions can be seen which are s t rong  evidence 
for  g r a i n  boundary s l i d i n g .  I n  addi t ion ,  it can be seen t h a t  t h e  boundaries 
a r e  f r e q u e n t l y  jogged; t h i s  i s  thought t o  be t h e  r e s u l t  of d i s l o c a t i o n  gra in  
boundary i n t e r a c t i o n s .  The 'double' boundaries (arrows)  found i n  t h e  
f l e x u r e  specimens a r e  a l s o  i n  evidence he re .  These are thought t o  be an  
i n d i c a t i o n  of t h e  loca l i zed  shear  r e s u l t i n g  from t h e  boundary s l i d i n g ;  t h e  

The p i ece  forged 16% 

Evidence of 
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Figure 2 .  Small Cracks seen i n  t h e  Side of Specimen J C -  
1474 After Forging t o  38% Height Reduction. 
Cracks a r e  Associated w i t h  Sniall Patches of 
Coarse-Grained Mater ia l  Which a r e  seen t o  have been 
Extruded out of t h e  Surface.  

The 
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#(Ob01 30, OOOX 

Figure 3. Cross-sect ion of Sample Jc-1469 Forged 16$ a t  
1h5OoC. The Sample was Chemically Polished 
(Na2B407) and Etched (K2S207). 
c ross -sec t ion  i s  p a r a l l e l  t o  t h e  forging d i r e c t i o n .  

Plane of t h e  
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second boundary may be a low angle  boundary o r  d i s loca t ion  netvork.  Some 
of t h e  f a i n t  l i n e s  o r i g i n a t i n g  a t  boundary jogs or near t r i p l e  po in t s  
a r e  suggest ive of d i s loca t ion  sources r e s u l t i n g  from grab boundary s l i d i n g  
which have r e c e n t l y  been observed i n  metals. 3-5 
observat ion,  by t ransmission e lec t ron  microscope of grain boundary d i s l o c a t i o n s  
i n  alumina a f t e r  s m a l l  s t r a i n s ,  lends support  t o  t h e  suggestion of d i s -  
l o c a t i o n  emission by s l i d i n g  boundaries. 

The previously repor ted  

The p iece  forged t o  38$ reduction was i n  many regards s i m i l a r  i n  
t h a t  o f f s e t  t r i p l e  po in t s  (arrow) and boundary jogs were present  as seen 
i n  Figure 4(a). I n  al ldi t ion,  t h i s  specimen showed s0rr.e micros t ruc tu ra l  
t e x t u r e  from elongated gra ins  which can be seen i n  Figure 4 (b ) .  
a l s o  exhib i ted  a considerable  amount of in t e rg ranu la r  po ros i ty  as can be 
seen i n  t h e  micrograph. 

T h i s  specimen 

I n  order  t o  a s ses s  t h e  cont r ibu t ion  of s l i p  t o  t h e  deformation, t h e  
forged specimens were analyzed for pre fe r r ed  c rys ta l lographic  o r i e n t a t i o n  
by an x- ray  d i f f r a c t i o n  technique which has been deveI.oped on previous 
programs.7 
an azimuthal ly  averaged inverse  pole f i g u r e .  
p o g l a t i o n  den8 i i . y  nf r3-i f feyFnf n l s r n n :  I- 5~ p,lc+,t-.7 z;.izzt t>,- t,t;;cc;; 
tr,eae .. -I 
i s  then  a l s o  a p l o t  of t h e  population d e n s i t y  of t h e  b a s a l  planes a t  t h e  
same angle  from t h e  re ference  surface.  

The crys ta l lographic  t ex tu re  can be described by what i s  e s s e n t i a l l y  
I n  t h i s  procedure t h e  r e l a t i v e  

pallt.':J ;,:!.d  ne basal (GOO. i j piane.  With proper normalization t h i s  

E x p e r b e n t a l l y ,  t h e  procedure i s  simple.  The d i f f r a c t i o n  p a t t e r n  i s  
Values are ca l cu la t ed  of a randomly or ien ted  (powder) sample i s  obtained.  

Po (hk . l )  def ined by t h e  r e l a t i o n  

I (hk.1)  
Po(hk. l )  = 

S I  (hk.1)  

h k l  

where I (hk.1)  i s  t h e  d i f f r a c t i o n  peak i n t e n s i t y  f o r  r e f l e c t i o n  from t h e  
(hk-1) planes .  S imi la r ly ,  t h e  d i f f r a c t i o n  p a t t e r n  of t h e  forged body i s  
obtained us ing  a face  perpendicular t o  t h e  p re s s ing  d i r e c t i o n .  
P(hk.1)  are ca lcu la ted  as before ,  and then  t h e  r a t i o s  R(hk.1) = P(hk. l ) /Po  
(hk.1) are ca l cu la t ed .  
angle  between t h e  plane hk .1  and 00.1. 

Values of 

These values of R a r e  p l o t t e d  aga ins t  , t h e  

I n  t h e  case of a random (powder) sample, R has t h e  constant  value of 
u n i t y .  I n  t h e  case of a p e r f e c t l y  or ien ted  sample, R i s  zero everywhere 
except a t  = 0 where it has some l a r g e  f i n i t e  value.  I n  t h e  case of a 
d i s t r i b u t i o n  of o r i e n t a t i o n ,  R w i l l ,  i n  general., decrease monotonically 
from = 0 t o  f7 = 90°. The b e t t e r  t h e  alignment of t h e  c r y s t a l l i t e s ,  
t h e  g r e a t e r  w i l l  be t h e  i n t e r c e p t  a t  
i ncr  ea s i n g  

jn 

p = 0 and t h e  s teeper  t h e  drop with 

4 .  
The r e s u l t s  f o r  t h e  16% reduction sample a r e  not ye t  ava i l ab le ;  however, 

t h e  specimen forged 3 4  has a marked basal t e x t u r e  a s  shown i n  Figure 5 .  
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#70407 (b 1 7,500x 
Figure 4. Cross-Section of Specimen JC-1474 Forged 

to 38% Reduction at 145Ooc. 
mechanically polished and etched (H3pO4) .  
Cross-section is parallel to the forging 
direction. 

Specimen 
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This type  of c rys t a l log raph ic  t ex tu re  has been reported previous ly  f o r  
alumina forged a t  much higher  temperatures8 and i s  s t rong  evidence of 
basal s l i p .  The o r i e n t a t i o n  of t h e  I C ’  axis p a r a l l e l  t o  t h e  fo rg ing  
d i r e c t i o n  has a l s o  been reported fo r  t h e  hcp metals  i n  which t h e  basal s l i p  
system i s  t h e  most e a s i l y  ac t iva t ed .9  
1450OC i n  f ine-gra ined  ma te r i a l ,  basal s l i p  i s  a major con t r ibu t ion  t o  
deformation. It should be emphasized t h a t  t h i s  fo rg ing  was done under 
condi t ions  of r e l a t i v e l y  low temperature and s t r a i n  rt i te where t h e  h igh ly  
r a t e - s e n s i t i v e  deformation has previously been a t t r i b u t e d  t o  g ra in  boundary 
s l i d i n g  or d i f f u s i o n a l  creep.6,10-13 

’ 

These r e s u l t s  i n d i c a t e  t h a t  even a t  

I n  t h e  previous r e p o r t  evidence was presented which ind ica t ed  s t r a i n  
enhanced gra in  growth.2 
measurements made a f t e r  successive cycles  i n  mul t ip l e  bend t e s t s  f o r  two 
d i f f e r e n t  specimens and compared t o  a c o n t r o l  specimen which accompanied 
t h e  t e s t  b a r s  through var ious tes t  cycles  t o  a s ses s  the  e f f e c t  of t h e  thermal 
cyc le .  
of loss  of dopant (MgO) from t h e  surl’ace, su r f ace  conta.mination from t h e  
furnace,  and t h e  e f f e c t  of su r f ace  g ra in  boundary i n t e r a c t i o n s  resul t - ing 
i n  h igher  g ra in  boundary mob i l i t y .  
eva lua t ion ,  t h e  two specimens were cross-sect ioned,  pol ished and etched and 
reSll 1 >k.ni- n Cn^- 1 1 -  -7  - -.‘> Ln p”” - L ...- -, 

I r r v u c , k r u y l L u  ~ . C L  L- A u A L  u u  I Ls~.la>- ~ ~ ~ C Y V ~ ~ ;  3 thi-ai;gh t.%e {-.7’(iSfi-- 

s e c t i o n  on a t r a v e r s e  from one s ide  t o  t h e  o t h e r .  The g ra in  s i z e  was then  
measured f o r  t h e s e  and p l o t t e d  as a func t ion  of p o s i t i o n  through t h e  c ross -  
s e c t i o n .  
s i z e  r e s u l t s  prev ious ly  repor ted .  Theze r e c x l t c  in3icatc:  =. X ~ : ; X ~ U M  g a i n  
“ - Y L  U”  V I A L  b L A L ” L *  UIIU clll L l L L J . L . C * U L  . L L I  6 1 n l l l  UL&C W L U 1 1  U L D ~ a l l G C  uuc. I L U I I I  L l l C  

c en te r .  This i s  as expected i f  the  gra in  growth i s  s t r a i n  enhanced s i n c e  
t h e  s t r a i n  i s  approximately zero a t  t h e  cen te r  and increases  l i n e a r l y  t o  
t h e  su r faces .  (Actuall.y, t h e  neu t r a l  a x i s  tends  t o  move toward t h e  concave 
sur face  so t h a t  i n  mul t ip l e  bending it moves back and f o r t h  pas t  t h e  cen te r  
and t h e r e  i s  no reg ion  of zero s t r a i n .  ) 
support  f o r  s t r a i n  enhanced g ra in  growth. This  r e s u l t  i s  not  s u r p r i s i n g  
because the  s t r e s s  concentrat ions and boundary jogs r e s u l t i n g  from g ra in  
boundary s l i d i n g  must provide a s t rong  d r i v i n g  f o r c e  f o r  boundary migra t ion .  

This was i n  t h e  form of  sur face  gra in  s i z e  

These data have some unce r t a in ty  a s soc ia t ed  with t h e  p o s s i b i l i t i e s  

I n  order  t o  provide a l t e r n a t i v e  

The r e s u l t s  a r e  presented i n  Figure 6 a long  with t h e  su r face  g ra in  . .  
”,.”- -+ +’h^ ,--+,., ^ -  2 - ^ _ ^ ^ ^ ^  2 -  ---.2- ..2-- --‘.Ll- 2 . 1 - . I  ---L n- L1.- 

These combined r e s u l t s  a r e  taken  a s  

Although l e s s  a t t e n t i o n  has been given t o  f r a c t u r e  than  flow mechanisms, 
it i s  equa l ly  important as it must be avoided f o r  success fu l  fo rg ing .  
Severa l  observat ions regard ing  f r a c t u r e  have been made which are worthy of 
comment a t  t h i s  t ime.  
t o  occur i n  alumina dur ing  deformation6,11-13 and has a l s o  been observed 
here  p a r t i c u l a r l y  a f t e r  l a r g e  s t r a i n s  ( see  F igure  4b). 
important problem, both  i n  terms of eventua l ly  causing f a i l u r e  by i n t e r -  
g ranular  f r a c t u r e ,  bu t  a l s o  because of t h e  adverse e f f e c t  upon subsequent 
p r o p e r t i e s .  

In t e rg ranu la r  s epa ra t ion  has been previous ly  repor ted  

This i s  a p a r t i c u l a r l y  

The cause of  c a v i t a t i o n  i n  t h i s  m a t e r i a l  i s  not known with c e r t a i n t y ;  
however, work i n  metal systems has ind ica t ed  t h a t  it i s  d i r e c t l y  dependent 
upon g r a i n  boundary s l i d i n g . 1 4  
t h a t  c a v i t a t i o n  i s  a necessary consequence of s l i d i n g ,  f o r  i t  has been 
shown t h a t  .considerable  s l i d i n g  may occur without ‘cavi ta t ion  r e s u l t i n g .  
r e s i s t a n c e  t o  c a v i t a t i o n  i s  presumably r e l a t e d  t o  t h e  a b i l i t y  of t h e  m a t e r i a l  

It should not  be  i n f e r r e d  from t h i s ,  however, 

The 
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t o  r e l i e v e  t h e  s t r e s s e s  which develop a t  t r i p l e  junct ions and jogs .  This 
r e l i e f  i n  metals  i s  thought t o  be l imi ted  l a r g e l y  by gra in  boundsry 
migra t ion ; l5  however, it may be aggravated i n  ceramics and i n  pa r t j - cu la r ,  
i n  alumina by t h e  r e l a t i v e l y  high s t r e s s e s  necessary t o  a c t i v a t e  non-basal 
s l i p .  It has been shopm i n  copper t h a t  t h e  powth  of -boundary c a v i t i e s ,  
once formed, may be enhanced by the  development of an i n t e r n a l  p re s su re  
from entrapped gases .I6 
b l o a t i n g  on r ehea t ing  due t o  condensation of gas s o  i t  i s  q u i t e  l i k e l y  t h a t  
t h i s  problem may f r equen t ly  aggravate t h e  c a v i t a t i o n  problem. 

Hot pressed alumina i s  known t o  have a problem of 

Observations t o  d a t e  i n d i c a t e  t h a t  t h e r e  a r e  f requent ly  patches which 
have a much higher  than  average dens i ty  of i n t e rg ranu la r  c a v i t i e s .  
example of this shown i n  Figure 7. The cause of t h i s  high l o c a l i z e d  
concent ra t ion  i s  not  kn0T.m w i t h  ce r t a in ty ;  however, it appears t h a t  many 
of t h e  macroscopic cracks seen t o  da te  have had t h e i r  o r ig ins  i n  d e f e c t i v e  
a reas  such as pore n e s t s  or i n  one material, l a r g e  grain patches ( s e e  
Figure 2 ) . 

An 

The amount of  c a v i t a t i o n  observed does not depend only on t h e  t o t a l  
amount of s t r a i n .  The reversed bending specimens exbibi t l e s s  boundary 
sepa ra t ion  than  seen i n  t h e  38% reduct ion forged specimen ind ica t ing ,  not  

w; bume specimens ~ o r g e u  on a prevlous programrl t o  35 and 37% reduct ion  
a t  1425Oc revealed many e s s e n t i a l l y  similar f e a t u r e s  t o  those  descr ibed 
e a r l i e r  for t h e  forg ings  except t h a t  t h e i r  was very much l e s s  i n t e r c r a n u l a r  
s epa ra t ion  as can be seen i n  Figure 8.  Although these  were forged a t  a 
h igher  r a t e ,  approximately 2 x L O u 4  s e c - l ,  t hcy  had loxer  aspec t  r a t i o s ,  
L/D = 0 2'7, which r e s u l t s  i n  s i g n i f i c a n t l y  higher  f r i c t i o i i a l  c o n s t r a i n t  
which e f f e c t i v e l y  provides  a hydros t a t i c  pressure.18 It i s  thought t h a t  
t h e  higher  hydros t a t i c  compr3ssive stress i s  important i n  i n h i b i t i n g  
c a v i t a t i o n .  

si1r~r-i q-i ncly,  thet iin-i ili r u e t i  cpzl ci:r-i-fr,G 5 s  T",Z, -~  z c y < c - ~ ; .  E;;c;c;S;,;t,", 2,; 

More work i n  t h i s  a r e a  i s  warranted and i s  i n  prcgress .  
of i n t e r e s t  have received p a r t i c u l a r  a t t e n t i o n .  One i s  t h e  e f f e c t  of 
de fec t s  such as pore n e s t s ,  high impurity s i t e s  and large-gra,ined patches 
on causing e a r l y  cracking.  The second i s  a t t e n t i o n  t o  the  pro-blem of 
c a v i t a t i o n ;  one p a r t i c u l a r  approach t c  t h i s  i s  t o  allow increased  g ra in  
boundary mobi l i ty  dur ing  t e s t i n g  t o  reduce t h e  s t r e s s  concentrat ions l ead ing  
t o  cracking.  
t o  reduce t h e  stress concentrat ions l ead ing  t o  cracking. 
t h a t  higher  boundary mobi l i ty  is usua l ly  accompanied by increased  g ra in  
growth. One s o l u t i o n  t o  t h i s  may be  t h e  use of two phase bodies ,  such a s  
Al2O3/MgA1204 s o  t h a t  higher  deformation temperatures can be used with less 
gra in  growth. 

Two a reas  

The problem i s  t h a t  higher boundary mobil i ty  dur ing  t e s t i n g  
The problem i s  

v. DISCUSSION 

The work t o  d a t e  on f l e x u r a l  specimens and forged m a t e r i a l s  provides  
s t r o n g  mic ros t ruc tu ra l  support  for a combination of grain boundary s l i d i n g  
with a t  l ea , s t  p a r t  of t h e  necessary g ra in  shape change occurr ing  by s l i p  
i n  f ine-gra ined  p o l y c r y s t a l l i n e  alumina even a t  low t enpzra tures  . 
t e x t u r e  i n d i c a t e s  t h a t  b a s a l  s l i p  is t h e  predominant s l i p  system. 
equivocal  evidence of non-basal s l i p  must awai t  t ransmission e l e c t r o n  

The b a s a l  
Un- 
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Figure 7. Intergranular Cracking i n  Specimen FLUX-32. 



Figure 8. Idicrostructure  of L o ~ r  Aspect Ratio 
Specimen, J C - 1 1 ,  Forged t o  37% Reduction 
a t  1 4 2 5 O C .  



. 

microscopy. It i s  thought lTlcely, however, t h a t  g ra in  boundary sources  
may make some non-basal sllip poss ib le .  I t i c ros t ruc tu ro l  evidence of 
d i f f u s i o n a l  creep i s  r a t h e r  d i f f i c u l t  t o  ob ta in  so t h a t  any con t r ibu t ion  
from t h i s  mechanism i s  d i f f i c u l t  t o  assess. 
p l a y  a role i n  providing g ra in  shape change. 

It i s  poss ib l e  t h a t  it may 

The ques t ion  of s t r a i n  hardening e f f e c t s  cannot be assessed  u n t i l  
t h e  f l e x u r a l  t e s t  da t a  have been reduced t o  t r u e  stress s t r e i n  curves .  
However, some hardening from g ra in  growth would b e  expected p a r t i c u l a r l y  
i n  view of t h e  evidence f o r  s t r a i n  enhanced growth. 
expected t h a t  boundary s l i d i n g  would become more d i f f i c u l t  as t h e  boundaries 
become more d i s t o r t e d .  The development of i n t e r g r a n u l a r  cracks,  however, 
can be expected t o  r e s u l t  i n  a reduct ion  of flow s t r e s s  and may f r equen t ly  
o€ f se t  any o the r  e f f e c t s .  

It may a l s o  be 

V I .  FUTURE WORK 

During t h e  next  qua r t e r ,  ana lys i s  of t h e  mul t ip le  bend t e s t a  w i l l  
be completed and t e s t i n g  of t h e  gra in  s i z e  dependance specimens vi11 be 
completed and t h e  d a t a  analyzed. The t o r s i o n  t e s t  f a c i l i t y  should become 
a v a i l a b l e  and w i l l  be used t o  nroviiic m n r e  n r c i i r a t e  f1n r . r  Q ~ W S C  d ? i n  zt 
L L ~ L - L  3 C I ~  a l l ~ ~ .  b 9 ~  e s t . ~  uc L U L ~  e v a i u a L i u i ,  wixh parxicuiar a t t e n t i o n  
t o  f r a c t u r e  mechanisms w i l l  be  contiiiued. 
h; --m,,- ,-.I----*- ...- 

Severa l  a d d i t i o n a l  fo rg ing  e f € o r t s  s r e  a l s o  planned. This w i l l  
probably inc lude  another  aLtei;,pt a t  deep drawing a hernisphere and some 
compressive conf igura t ions .  
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